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I N T R O D U C T I O N 
Groundwater basins formed everywhere in the sandstone horizons which occupy 
an area about 2 millions km2 in NE Africa. It covers a part of Libya-Sudan, 
Chad and Egypt. The sandstone horizons are the main source of water outside 
of the Nile valley in the Western Desert of Egypt. Large scale development 
is now occuring in Dakhla and Kharga Oasis. 
At the United Nations conference on desertification held in 1977 a proposal 
was presented for a feasibility study called "Management of the Regional 
aquifer In NE Africa". 
A broad investigation program recommended to assess the potentiality of 
natural resources, groundwater in particular, for the purpose of developing 
human and agricultural activities that could contribute to the fight 
against desertification. 
For political reasons this feasibility study was carries out in Egypt and 
Sudan only, under the umbrella of United Nations between 1984 and 1988. The 
purpose of the study is to determine the hydrogeological characteristics of 
the aquifer and planning the best groundwater utilization schemes through 
landuse and groundwater development. In Egypt the feasilbility study is 
carried out under the responsibility of RIGW. 
In 1985 a proposal was submitted by the Institute for Land and Water Mana-
gement Research (ICW) the Netherlands, dealing with measurement of evapora-
tion in the playa's in the Western Desert of Egypt. Evaporation takes place 
in depressions with shallow groundwater tables and it amounts to more than 
the groundwater extracted by pumping. 
ICW and RIGW started in 1986 this joint research project to map groundwater 
losses by evaporation in the playa areas in the Western Desert. 
The scheme of work includes: 
- analysis of satellite data 
- field campaigns to collect data on: 
- surface energy balance 
- soil physical properties 
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- Groundwater table depth by means of solid state water level recorders; 
- Determination of evaporation by using numerical simulation models of 
water flow in the saturate (FEMSAT) and unsaturated zone (SWATRE; EVADES; 
CAPSEV); 
- Evaluation of results by means of grondwater simulation models, as deve-
loped to assess the groundwater resources in the Western Desert of Egypt 
(MIT model); 
- Training of RIGW staff inside and outside Egypt; 
In the recent years a number of procedures to analyse satellite data to 
estimate actual evaporation have been proposed in the literature. 
To this purpose surface reflectance and temperature are obtained with the-
matic mapper measurements. Field measurements data are needed. 
An explanation of some theories and examples of application are given in 
this report. 
This report has been prepared during a study visit at the ICW in The 
Netherlands (5th of September through 7th of October 1988). 
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S U R F A C E E N E R G Y B A L A N C E 
Solar radiation is the driving force for all atmospheric motions through 
heating of the atmosphere and of the land surface. Particularly, solar 
radiation is the basic driving force of evaporation. 
Natural radiation is a superposition of electromagnetic waves spreading in 
different directions. The sun behaves like a full radiator with surface 
temperature about 6000 K. Most of radiation emitted at that tem-
perature is confined to the wave band from 0,3 - 3 urn (short wave 
radiation). The radiation, which reaches the earth are short wave 
radiations. The earth surface and the atmosphere radiate energy at a tem-
perature of approximately 300 K, which corresponds to the thermal infrared 
spectral range (8 - 14 fim). The atmosphere effects radiation transfer 
through scattering in the atmosphere absorbtion, of a part of the solar 
radiation. Solids and liquids particles and gases emit energy as a long 
wave radiation (infrared). 
The energy budget at the soil surface is formally written as: 
Rn + H + LE + G0 = 0 (W.m-2) [1] 
where : 
Rn = net radiation 
H = sensible heat flux 
LE = latent heat flux 
G0 = soil heat flux 
The net amount of radiant energy received by the earth's surface per unit 
time and area is called net radiation. 
Rn = difference of incoming and out going short wave radiation + difference 
of incoming and outgoing long wave radiation 
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Kj = incoming short wave radiation (Global radiation) Fig.l. 
K2 = outcoming short wave radiation (reflected) 
L} = incoming long wave radiation from air 
L2 = outcoming long wave radiation from soil 
Rn = (Kj - K2) + (Lj - L2) (W.m_2) [2] 
Rn could be measured directly in the field by net radiationmeter 
or indirectly form solarmeters readings shortwave and application of Stefan 
Boltzmann law. 
L = e . a . T« (W.nT2) [3] 
where : 
T = absolute temperature of a body in K 
a = Stefan Boltzmann constant = 5.67 x 10 W.nT2 
e = emissivity of a body it is value between zero and one 
A practical example of calculation will now be presented; the values 
applied to develop the example were measured at Bir Qfar on June 15, 1988 
at 10 a.m. 
Kj = incoming short wave radiation (Global radiation) = 650 W.nT2 
(measured by Solarimeter) 
K2 = outcoming short wave radiation = 132 W.m~2 
(measured by Solarimeter) 
Lj = long wave radiation = € . a . T* 
T(°C) = 40°C; C = 0.85 T(K) = 313 K 
L2 = 0.85 x 5.67 x 10_e x (313)4 = 462.5 W.m"2 
T0(°C) = 50°C; e = 0.95 T(K) = 323 K 
L2 = 0.95 x 5.67 x 10-8 x (323)4 = 586.2 W.nT* 
Rn = Kj - K2 - L2 + Lj 
Rn = 650 - 132 - 586.2 + 462.5 = 640.7 W.nT2 
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Fig. 1. Global radiation = Incoming short wave radiation 
H = Sensible heat flux is the heat flux exchange between atmosphere and 
soil. It depends on the turbulent motion in the atmospheric layer. It is a 
function of temperature, humidity, wind speed at the surface and at certain 
altitude. 
H = -P 
*a 
To) (W.nT2) [4] 
Pa = 
CP = 
ra = 
Ta = 
To -
ra = 
air density s 1.25 kg.cm-3 
air specific heat m 1004 J. kg_1.k-1 
turbulent transfer resistance S.m (10 - 200 S.m-1) 
air temperature (10 - 50°C) (see Fig. 2) 
surface temperature (10 - 70°C) 
mean turbulent transfer resistance S.m" is not a constant value, 
changes with surface roughness and difference between Ta, T0 because 
of the contribution of buoyance to turbulent transfer. 
Only two of the variables in eg., i.e. 
, T0 can be remotely measured, the remaining variables have to be 
measured in the field 
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Ex: given local time 11.00 h. 
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What is the latent heat flux? 
Energy balance on the earth's surface written as: 
Rn + H + LE + G0 = 0 (W.nT*) [5] 
so 
LE = - Rn - H - G0 (W.m~
2) [6] 
or 
LE = - (1-«0)RSW + eôT0« - e'6Ta« - ^ f i (Ta - T0) - G0 (M.«-«) [7] 
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Rn = + (1-0.21) x 785 -0.95 x 5.67 x 10~e x (323)4 + 0.883 x 5.67 x 10 • x 
(314.3)4 = 620.15 - 586 + 488 = 522.15 W.m~2 
H = Sensible heat flux = -j^-B (T_ - T0) = 1 2 5 * 1 0 0 4 (41.3 - 50) 60 
181.98 W.nT* 
LE = - 522.15 + 181.93 + 0.25 x 522.15 = -209 7 W.m"2 
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2 . S U R F A C E R E F L E C T A N C E C A L C U L A T I O N S W I T H 
S A T E L L I T E D A T A 
The reflectance of a particular surface can be obtained by dividing the 
reflected irradiance by the incident irradiance (0.3 - 3 urn). Reflectance 
is dependent on surface characteristics (type), dew depostion and evapora-
tion daily, sun altitude, evaporation daily cycles and the wave length of 
the incident radiant energy. (Fig. 4.) 
Spectral reflected radiance at specific wavelength while the reflectance is 
integrated over the total spectrum. 
Net radiation depends strongly on values of surface reflectance. To esti-
mate actual evaporation through analysis of surface energy balance, it is 
necessary to obtain acurate values of surface reflectance, as net radiation 
depends strongly on the values of surface reflectance. 
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Fig. 4. Diurnal variation of bare soil reflectance 
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Surface reflectance = <*n = outcomlng short wave radiation 
0 incoming short wave radiation 
Ex: <x0 = 0.5 white salt crust 
oc0 = 0.25 Sabkha crust 
(The wetter the soil? the lower the reflectance) 
Surface reflectance could be calculated from the field measurment using 
solarimeters to measure total and diffuse irradiance and reflected 
radiance. 
1.0 
0.8 
I ° 6 
Œ
 0.4 -
0.2 
0.0 
0 10 12 14 
Time (hour) 
1G 10 20 
Fig. 5. Effect of diffusive radiation on the daily cyclus of surface 
reflectance 
To obtain surface reflectance with satellite measurements the following 
steps must be considered: 
A. From spectral radiance to spectral planetary reflectance 
B. From spectral planetary reflectance to planetary reflectance 
C. From planetary reflectance, surface reflectance can be calculated by 
applying formula to correct for atmospheric influence. 
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Fig. 6. 
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A. Calculating the spectral radiance Lj from standard tables of NASA as 
follows: 
L l = L m l n (
 Q CAL MAX ) « C A L (mW.cm
-2
.ster"'.um-') [8] 
where : 
Q CAL 
LminA 
LmaxA 
Q CAL MAX 
Li 
DN 
Calibrated and re-scaled radiance in units of DN, digital num-
bers. 
Spectral radiance at Q CAL = 0 
Spectral radiance at Q CAL = Q CAL MAX 
Range of rescaled radiance in DN 
Spectral radiance 
Digital number 
r _ T . /^maxi ^mini 
Li - Lmini + I — ) x DN (mW.cnT* .ster-1 .(jun-1 ) [9] 
Table 1 shows the spectral radiance L Bj n^, LBax^. 
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Table 1. TM Post-calibration Dynamic Ranges for U.S. Processed Data (after 
Landsat technical notes) 
B a n d Lmini Lmaxi Bandwidth 
m.w.cm.~2.ster-1.um-1 um 
1 - 0.15 15.21 70.1 
2 - 0.28 29.68 88.9 
3 - 0.12 20.43 76.9 
4 - 0.15 20.62 76.6 
5 - 0.037 2.719 134.3 
6 - 0.1238 1.560 226.5 
7 - 0.015 1.438 268.2 
The spectral planetary reflectance is calculated from spectral radiance: 
7T Li . d*. 
-Pi - R j . i cos* <-> I"l 
where : 
d = earth sun distance in astronomical units (from nautical handbook) 
<J> = solar zenith angle in degree 
Rout j = mean exo-atmospheric solar irradiance in bandj of the thematic 
•nappes m.w.cm~*mm~2 
api = spectral planetary reflectance 
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Table 2. Mean solar Exo-atmospheric spectral irradiances 
Table 2 
TM Post-Calibration Dynamic Ranges for 
U.S. Processed Data 
Spectral Radiances, LMIN* and LMAXA, in 
mW • cm • ster" . //m" 
Prior lo August 1983 
(Scroungc-EHA 
processing)3 
Prior l o l 5 Jan 1984 
(TIPS-EUA 
processing)" 
After 15 Jan 1984 
(TIPS-ERA 
processing)0 
Band LMIMx LMAXi LMINA UMAX» LMINA LMAX* 
TM 1 
TM2 
TM3 
TM4 
TM5 
TM6 
TM7 
-0.152 
-0.284 
-0.117 
-0.151 
-0.037 
0.20 
-0.015 
15.842 
30.817 
23.463 
22.432 
3.242 
1.564 
1.700 
0.000 
0.000 
0.000 
0.000 
0.000 
0.484 
0.000 
14.286 
29.125 
22.500 
21.429 
3.000 
1.240 
1.593 
-0.15 ' 
-0.28 
-0.12 
-0.15 
-0.037 
0.1238 
-0.015 
15.21 
29.68 
20.43 
20.62 
2.719 
1.5600 
1.438 
a liarker, liait el at.. 1984 (Table 3) 
ft Very little data were processed with these parameters because only small 
amounts of TM data were being collected at this time, e.g., TIPS "long 
Term Parameter File " number T1À888. PAR was generated on 20 July 1983 
c liarker. 1984 (Table 1), and liarker, 19S5 (Table 1-1 and Appendix 91. as 
carried in TIPS (TM Image Processing System at Goddard) Long Term 
Parameter File Number TL5027.PAR (or in-band radiance from full-width 
half maximum band-width for Landsat-5 and generated on 23 August 1984 
Table 3. TM Solar Exo-at«ospheric spectral irradiances 
Table 4 
TM Solar Exoatmosphcric Spectral Irradiances 
ESUNA (mW . cm"2 • pm"') a - b 
""""""--^Satellite 
Band ^ " - - - ^ ^ 
TM1 
TM2 
TM3 
TM4 
TM5 
TM7 
Landsat-4 
195.8 
182.8 
155.9 
104.5 
21.91 
7.457 
Landsat-5 
195.7 
182.9 
155.7 
104.7 
21.93 
7.452 
• Solar data from Necket and Labs, 1984 (Bands 1-4) and from Iqbal, 1983 
(Band 5 and Band 7) 
ft Up-dated from Markham and Barker, 1985 (Table 11) 
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Table 4. Shows the values of earth sun distance in atmospheric units 
EPHEMERIS OF THE SUN 
Dale 
Jan. 1 
S 
9 
1.1 
17 
21 
25 
25 
Mar. 1 
5 
9 
13 
17 
21 
25 
29 
Mar 1 
5 
9 
11 
17 
21 
25 
29 
J»iy 1 
5 
9 
13 
17 
21 
25 
29 
Sept. 1 
5 
9 
13 
17 
21 
25 
29 
Nov. 1 
5 
9 
13 
17 
21 
25 
29 
Dccli. LMWÎ' 
Miim twie 
- 2 3 4 280 ! 
22 42 284 5 
22 13 288 10 
21 37 292 14 
20 54 296 19 
20 5 300 23 
19 9 304 27 
18 8 308 31 
- 7 S3 339 51 
6 21 343 51 
4 48 347 51 
3 14 351 51 
1 39 355 SO 
- 0 5 359 49 
+ 1 30 3 47 
3 4 7 44 
+14 50 40 4 
16 2 43 56 
17 9 47 48 
18 11 51 40 
19 9 55 32 
20 2 59 23 
20 49 63 14 
21 30 67 4 
+23 10 98 36 
22 52 102 24 
22 28 106 13 
21 57 110 2 
21 21 113 51 
20 38 117 40 
19 50 121 29 
18 57 125 19 
+ 8 35 157 59 
7 7 161 52 
5 37 165 4S 
4 6 169 38 
2 34 173 32 
+ 1 1 177 26 
- 0 32 181 21 
2 6 185 16 
- 1 4 11 217 59 
15 27 222 0 
16 38 226 I 
17 45 230 2 
18 48 234 4 
19 45 238 6 
20 36 242 8 
21 21 246 11 
£4iMlwa Itwliui 
•f lime vector 
m. •. 
- .1 14 0.98324 
5 6 .9S324 
6 50 .98333 
8 27 .9.S.152 
9 54 .9SJ78 
11 10 .9S-110 
12 14 .9S44S 
13 5 .98493 
- 1 2 3S 0.990S4 
11 48 .9'J|82 
10 51 .99287 
9 49 .99396. 
8 42 .99508 
7 .12 .99619 
6 20 .99731 
5 7 .99S43 
+ 2 SO 1.00759 
3 17 1.00859 
3 35 1.00957 
3 44 1.01051 
3 44 1.01133 
3 34 1.01218 
3 16 1.01291 
2 51 1.01358 
- 3 31 1.01667 
4 16 1.01671 
4 56 1.01669 
5 30 1.01659 
5 57 1.01639 
6 15 1.01610 
6 24 1.01573 
6 23 1.01530 
- 0 15 1.00917 
+ 1 2 1.00822 
2 22 1.00723 
3 45 1.00619 
5 10 1.00510 
6 35 1.00397 
8 0 1.00233 
9 22 1.00170 
+16 21 0.99249 
16 23 .99150 
16 12 .99054 
15 47 .93960 
15 10 .98869 
14 18 .98784 
13'15 .98706 
11 59 .98636 
Date 
Feb. 1 
5 
9 
1.1 
17 
21 
25 
Apr. 1 
5 
9 
13 
17 
21 
25 
29 
June 1 
5 
9 
13 
17 
21 
25 
29 
Aug. 1 
5 
9 
13 
17 
21 
25 
29 
Oct. 1 
5 
9 
1.1 
17 
21 
25 
29 
Dec. 1 
5 
9 
13 
17 
2! 
25 
29 
Dccli- LMW<-
Mtion Unie 
-17 19 311 34 
16 10 315 37 
14 55 319 40 
13 37 32.1 43 
12 IS .127 46 
10 SO .131 48 
9 23 335 49 
+ 4 14 10 42 
5 46 14 39 
7 17 18 35 
8 46 22 30 
10 12 26 25 
11 .15 30 20 
12 56 34 14 
14 13 38 7 
+21 57 69 56 
22 28 73 46 
22 52 77 36 
23 10 «1 25 
23 22 85 15 
23 27 89 4 
23 25 92 53 
23 17 96 41 
+18 14 128 11 
17 12 132 0 
16 6 135 SO 
14 55 139 41 
13 41 143 31 
12 23 147 22 
11 2 151 14 
9 39 155 5 
- 2 53 187 14 
4 26 191 11 
5 58 195 7 
7 29 199 S 
8 58 203 3 
10 25 207 1 
Il SO 211 0 
13 12 214 59 
-21 41 248 13 
22 16 252 16 
22 45 256 20 
23 6 260 24 
23 20 264 28 
23 26 268 32 
23 25 272 37 
23 17 276 41 
Eomlion Railiiii 
•1 linK vector 
- 1 3 34 0.98S33 
14 2 .98593 
14 17 .98662 
14 20 .98738 
14 10 .98819 
13 50 .9890.1 
13 19 .98991 
- 4 12 0.99928 
3 1 1.0004.1 
1 52 1.0016(1 
- 0 47 1.00276 
+ 0 13 1.00390 
1 6 1.00500 
1 S3 1.00606 
2 33 1.007CS 
+ 2 27 1.01«! 
1 49 1.0146S 
1 6 1.0ISI» 
+ 0 18 1.015« 
- 0 33 1.01602 
1 25 1.01610 
2 17 1.016« 
3 7 1.01662 
- 6 17 1.01494 
S 59 1.01442
 ( 
S 33 1.0IJS4 
4 57 1.01311 
4 12 1.01244 
3 19 1.0116] 
2 18 1.01071. 
1 10 1.009H6 
+10 1 1.00114 
II 17 1.00001 
12 27 0.9931« 
13 30 .99774 
14 25 .99659 
IS 10 .99544 
15 46 .99433 
16 10 .99326 
+11 16 0.98604 
9 43 .98546 
8 I .98494 
6 12 .98446 
4 17 .98405 
2 19 .9837.' 
+ 0 20 .9834» 
— 1 39 58334 
B. From spectral planetary reflectance to planetary reflectance: 
e <
Rout,i x ap,i x bi> 
eiRout,i x bi 
(-) [11] 
where 
Or, 
'Pi 
planetary reflectance 
spectral planetary reflectance 
band width in micrometer * 
the exo-atmospheric.solar irradiance in band i of the thematic 
mapper 
eRout,i = t n e s u m o f exo-atmospheric solar irradiance in the TM spectral 
bands 
Rout,i 
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Measurement of surface reflectance can be done as follows: 
WITHOUT MEASUREMENTS OF ATMOSPHERICAL OPTICAL 
PROPERTIES 
WITH MEASUREMENTS OF ATMOSPHERIC OPTICAL 
PROPERTIES 
* Plot measurements of surface reflectance done 
with solarimeters vs. values of planetary 
reflectance obtained with landsat data. 
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Simple atmospheric correction formula can be 
sufficient to match observed Oy with a 0 vaiues. 
Measure atmospheric properties (for example 
total and diffuse spectral irradiance with 
Guzzi-meter; measurements of total and diffuse 
irradiance with solarimeters in a broad spectral 
band: 0.3 - 2.8 m). 
I 600 r 
20 30 
Time (s) 
Apply radiation transfer models with the 
measured atmosDheric properties to ootain rela-
tionships between planetary reflectance* and 
surface reflectance. 
»or a given $ s u. such relationships are linea-. 
* planetary reflectance is obtainec with 
Landsat digital data 
For examDle a linear relationship between a p 
and a 0 is given by the graphs of NACK and 
CURRAN (1978; Fig. 1). From the graphs it is 
possible to obtain the surface reflectance, 
for a given seen zenith angle and the at-
mospheric conditions and the atmospheric con-
ditions applied to calculate the fluxes. 
A relation between planetary reflectance calcu-
lated with TM for an image of Siwa (2 April 1987) 
and measured values in the fie id was drawn. 
This linear relationship between a p, 0to matched 
with curves of Nack and Curran at <f>su 40'; which 
applies to the TM image acquired on 2 April 1987. 
Apply the thus obtained correction formula to 
obtain a a0-image. for Qara Oasis arc Qattara 
depression. 
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EXAMPLE : 
Local time 11.00 h 
TM Data: 
Band width 
(im 
Band 1 DN = 137 0.07 
Band 2 DN = 97 0.089 
Band 3 DN = 104 0.076 
Band 4 DN = 52 0.134 
Band 5 DN = 122 0.226 
Band 6 
Band 7 DN = 121 0.268 
•su - 4 ° C 
Calculate the surface reflectance ar 
I • 
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STEP 1 
zx = z; i nx + ( ^ a x X " Z m l n X ) * DN 
255 
e.g. BAND 1 = : DN = 137 
2 = : DN = 97 
3 = : DN = 104 
4 = : DN = 52 
5 = : DN = 122 
7 = : DN = 121 
BAND 1 Z, = -0.15 + (15.21 + 0.15) *
 1 3 7 = 8 - 1 m W . c m - 2 . ster-1 .fim-1 
255 
2 Z 0 = -0.28 + (29.68 + 0.28) * 87 = 11.11 mW.cm-2.ster-1.um-1 
* 255 
3 Zo = -0.12 + (20.43 + 0.12) *
 1 0 4 = 8 2 6 mW.cm-2 .ster-1 .»im-1 
255 
4 Z. = -0.15 + (20-62 + 0.15) *
 5 2 = 4.01 mW.cm-2.ster-1 .Jim-1 
255 
5 Ze = -0.037 + (2.719 + 0.037) *
 1 2 2 = 1.24 mW.cm-2 .ster-1 .jim-
255 
7 Z 7 = -0.015 + (1438 + 0.015) * m = 0 6 6 mw.cm-2 .ster-1 .Jim-1 
255 
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STEP 2 
BAND 1 an i = ^  ÏLi. 
9,1
 195.7 
BAND 2 a p,2 
n. 11.1 
182.9 
BAND 3 an o = n' 8'26 P
'
3
 155.7 
BAND 4 ap 4 = _ n. 4.01 
104.7 
BAND 5 a P.5 
_ n. 1.24 
21.93 
BAND"? Op.7 = n. 0.66 
7.452 
0-99508» ,
 0 > 1 6 8 
cos 40c 
0-99508»
 = 0 2 4 6 
COS 40c 
0-995082 .
 0 2 1 5 
cos 40e 
(-99508)'
 = 0 0 9 
cos 40' 
(-99508)' .
 0 13 
cos 40' 
(-99508)' .
 0 3 5 
cos 40e 
STEP 3 
ap = El 
lout 1 x api x bl 
1 Rout i x bi 
where: bj = band width micrometer 
I Rout j X b,= 195.7 x 0.07 * 182.9 x 0.089 + 155.7 x 0.076 + 104.7 X 0.134 
+ 21.93 X 0.226 + 7.45 x 0.268 = 62.792 
a = 195.7 x 0.168 x 0.07
 + 182.9 x 0.246 x 0.089 + 155.7 x 0.215 x 0.076 
P
 62.792 62.792 62.79 
104.7 x 0.09 x 0.134
 + 21.93 x 0.13 x 0.226 + 7.452 x 0.35 x 0.268 
62.792 62.792 62.79 
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dp = '.'36 + '.06 + 0.04 + 0.02 + 0.0102 + 0.011 = 0.177 
ap = 0.177 s 0.18 
From the graphs (Fig . 1) we can get ac 
a t ej>su 40° 
a 0 s 0.16 
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A N A L Y S I S O F R E F L E C T A N C E M E A S U R E M E N T S 
The surface reflectance shows a diurnal variation which can be even dif-
ferent from day to day. In order to classify surfaces on the basis of 
reflectance, a reference surface reflectance has to be defined. During the 
field measurements in Egypt at each site solorimeters were applied to 
measure total and diffuse irradiance and surface reflectance related to sun 
zenith angle and atmospheric optical depth. By means of a non linear 
regression function of the following type (BASTIAANSSEN, 1988): 
T = A Bx (-) [12] 
where: A = regression coefficient = <x0' 
B = regression coefficient = B(T); 
T = atmospheric optical depth 
We can calculate the reference surface reflectance a0' 
o 0 = a0' - [m. fA (<|>su)] - [g^Ti)]810*811 (-) [13] 
[14] a0'(morning) = — is a constant (-) 
<x0' (afternoon) 
m.fj(c|>su) is a correction factor for dew; fi(<J>su) is equal to one at noon: 
if m.fjtigu) = 1 and <J>SU = 0 
then aQ = a 0 ' 
then Ln a 0 = Ln a 0 ' + sin <f>su Ln gi(Tj) 
Through the empirical solution as a linear equation we can get the value of 
o0' as regression coefficient and g(T). 
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Table 5. Examples 
<J> su time Lna, Sin <J> su 
0.51 
0.49 
0.46 
0.38 
0.40 
0.44 
0.49 
80 
60 
15.34 
20.7 
43 
70 
88.89 
7 .00 
9 . 0 0 
1 1 . 0 0 
1 3 . 0 0 
1 5 . 0 0 
17 .00 
18 .00 
0.67 
0.71 
0.77 
0.96 
0.92 
0.82 
0.71 
0.98 
0.86 
0.78 
0.35 
0.68 
0.93 
0.99 
What is a0' and T? 
Fig. 9 indicate the relation between In aQ and sin <J>SU 
From the graph 
o0' = 0.33 
T = 1.8 
what i s o 0 a t T S U = 70° 
a 0 = a 0 \ T s l n * s u 
a 0 = 0 . 3 3 x 1 . 8 s j 
which means a cloudy weather (see Fig. 10) 
<x0 1. ln70° = 0.57 
-0,6 
-0.8 
-1.0 
1.2 
0,2 0.4 0.6 0.8 
Sin 0C, 
1.0 1.2 
Fig. 9. The non-linaer regression relation between lna0 and sin <J>SU 
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Fig. 10 shows the relation between ratio of diffusive to total irradiance 
and g(T) optical depth. 
It is clear that g(T) depends on the conditions of atmosphere and emface 
roughness. 
9 (Ï.) 
Fig. 10. Relation between R s w d f to the coefficient gi (T-.) 
Rsw 
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4 . E S X I M A X I N a E V A P O R A T I O N B Y M E A N S 
O F T H E S U R F A C E E N E R G Y B A L A N C E 
— B O W E N R A X I O M E T H O D 
Energy budget for a s o i l or water surface I s : 
Rn + G0 + H + LE = 0 [15] 
Rn Is measured by means of net radiometers, G0 is measured with heat flux 
plates usually in conjunction with temperature measurements. 
The ratio of the sensible to latent heat flux is called the Bowen ratio 
(B). Substituting for H in eq. [1]: 
LE = R" " ° [16] 
1 + B 
LE and H can be expressed as : 
L E - PCP(el-e2> [17] 
where : 
pep = the volumetric heat capacity of air 
p = air density as 1.25 kg.m-3 
y = the thermodynamic psychometer constant 
y = P-cp 
Ae 
P = barometric pressure a 1013 mbars 
cp = specific heat of air s 1004 J.kg-1.K-1 
el , e2 = actual vapour pressures at two different altitudes 
p = latent heat of vaporization = 2,500,000 W.m~2 
e = the ratio of moleculair weight of water vapour to molecular 
weight of dry air s 0.662 
psychrometer constant s 0.66 mbar.K-1 
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H - PCP(T1-T2> [18] 
rH 
rv,rH = the vapour and heat transfer resistance between two different 
altitudes 
Tl'^2 = t n e actual air temperatures at two different altitudes. 
Assuming r^ = rv the Bowen ratio is given by: 
H (T-i-To) 
B - IL = 1 2' [19] 
LE (e,-e2) 
B is obtained by knowing atmospheric pressure and measuring temperature and 
vapour pressure at two heights. Barometric pressure can be measured on-site 
or at a meteostation and make necessary corrections. 
Example: 
Given the data of site 3 at Bir Qifar, 18 June 1988 
1. net radiation W.m-2 (Fig. 9) 
2. soil heat flux W.m-2 (Fig. 9) 
3. Bowen ratio (Fig. 11) 
Calculate the latent heat flux 
1 W.m-2 = 1 J.s_1.m2 
L e latent heat of vaporization is at about 288 K, 2.46 x 106 J.kg-1 
So 1 W.,~2 enables the vaporization of 1/(2.46 x 106) = 4.06 x 10~7 
kg.s_1.m2 or 4.06 x 10x~7 x 86,400 = 3.51 x 10~2 kg.day-1.m2 
1 kg.m-2 = 1 mm 
1 W/m2 = 4.06 x 10~7 kg/s.m2 = 3.51 x 10~2 mm/day 
This value 3.51 x 10~2 mm/day when the surface temperature is 288 - 273 = 
15°C which is not the average temperature in Siwa area. When water tem-
perature increases water molecules need less energy to evaporate. 
The latent heat of vaporization varies with temperature with the following 
formula: 
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L = (2501 - 1.21) x 103 
30 
[20] 
where : 
L = latent heat of vaporization (J.kg-1) 
T° = temperature in °C 
Assume the average temperature is 40°C In site 3 Qifar 
L = (2501 - 40 x II) X 103 = 2.41 x 106 J.kg-1 
30 
w.m-* = 1 x 86,400
 = 3 5 8 x 10_2 kg.day-1.m2 or 3.58 x 10-2 mm/day 
2.46 x 10« 
Evapotranspiration is il0.3- = 46 x 3.58 x 10-* = 1.64 mm/day 
24 
Example: 
Bir Qifar 18 June 1988 L~ = Rn - G 
1 + B 
Hour Rn (net radiation) 
W.m-2 
6 (soil heat flux) 
W.m-2 
B (Bowen ratio) LE 
W.m-2 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
- 90 
- 88 
- 85 
- 85 
- 85 
- 85 
- 85 
- 15 
+ 135 
+ 278 
+385 
+471 
+507 
+521 
+492 
+420 
+335 
+207 
+ 90 
- 21 
-100 
- 95 
- 85 
- 82 
- 50 
- 55 
- 60 
- 60 
- 60 
- 60 
- 60 
- 82 
+ 20 
+ 45 
+ 95 
+ 140 
+ 180 
+190 
+170 
+ 150 
+ 100 
+ 72 
+ 28 
- 2 0 
- 35 
- 35 
- 28 
- 21 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.33 
0.60 
0.86 
1.13 
1.20 
1.13 
1.20 
0.86 
0.93 
0.66 
0.33 
0.26 
0.20 
0.20 
0.20 
0.13 
- 33.3 
- 27.5 
- 20.8 
- 20.8 
- 20.8 
- 20.8 
- 20.8 
+ 55.83 
+ 86.46 
+145.63 
+155.9 
+155.39 
+148.63 
+155.39 
+146.36 
+145.16 
+121.76 
+ 81.32 
+ 46.62 
- 0.81 
- 45.16 
- 50.00 
- 47.5 
- 53.98 
+1103.01 
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5. A C T U A L E V A P O R A T I O N F R O M A D R Y B A R E S O I L 
(Menenti's combination equation) 
Soil evaporation is potential when the soil surface remains wet. 
Evaporation from bare soils will take place either at the soil surface or 
below it. The evaporation front concept provides for restricted water move-
ment away from the evaporation front towards the surface. Resistance factor 
for the transport of vapour and heat through the soil have to be taken into 
account. 
To establish a clear separation between potential and actual evaporation, a 
new combination formula has been given by MENENTI (1984), which describes 
actual evaporation when it takes place inside the soil. The equation for 
potential evaporation is obtained by taking the limit, for a zero depth of 
the evaporation front of this new combination formula. 
The transport equation for sensible heat in air is: 
H = ^ 2 (T(0) - T ( z )) (W.m-2) [21] 
where 
pa = air density (kg/m-3) 
cp = air specific heat (J.kg-VK-1) 
Pacp = heat capacity of air 
rah = t^ie resistance for sensible heat in air (s.m-1) 
For the heat transport from the soil surface to the evaporation front: 
Gn = A dl = T(E) - T(0) (W.m-*) [22]7 
U ZE rsh 
where 
GQ = soil heat flux 
X = soil thermal conductivity (W.m-'.K-1) 
Z£ = depth of evaporation front 
rsn = resistance for heat transport in soil 
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r s h = £ l (M-'..«.*) [231 
For transport latent heat in air: 
Çacp 
LEfl = - — (e(0) - e(z)) [24] a rav 
where 
rav = resistance for vapour transport in the air 
e(0) = actual vapour pressure at surface 
e(z) = actual vapour pressure at depth z 
LEa = latent heat in air 
Resistance factor for transport of heat and vapour in the air: 
rah resistance of heat 
rav resistance of vapour 
In most situations there is no difference between ra^ and rav so that 
rah = rav = ra 
u 2 , ! /^reference d ^ , ._ ..
 ro_, 
ra - k-^u-1 ln( ; ) 2 (S.m-1) [25] 
1 ZQ 
where 
k = wind speed at reference height (m.s-1) 
z = vertical depth or reference height (m) 
d = factor for account on crop height = 0.63 x height of crop 
ZQ = roughness of surface 
Example: 
z(ref = 1-85 •• u = 2.2 m.s-1 (z0 = 0.005 in bare soil = 0.13 x height of crop) 
bare soil: ra = ln(—'• — ) 2 s 32 S.m-1 
(0.41)2 x 2.2 0.005 
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For transport of latent heat in soil air holds: 
LES = - ^ £ (esat(TE) - e(0)) (W.m-*) [26] 
rsv 
where 
rsv = the resistance for vapour transport in soil 
rsv = ze/°v 
zE = depth of the evaporation front 
Dv = vapour diffusion coefficient 
esat(T£) = calculated saturated vapour pressure at the evaporation front 
T(E) = temperature at evaporation front 
Adding eqs. [3] and [4] which is eliminating e(0): 
rav + rsv = - ?^P- (esat(TE) - e(z)) (S.m-') [27] 
y LE 
The saturation vapour pressure at the evaporation front can be expressed as 
a function of the saturation pressure in air at height z as follows: 
1) S = —5SÎ s = slope of saturated vapour pressure curve 
AT 
2) esat(T0> = esat(Tz) + A(e) 
3) A(e) = sa»AT where AT = T(0) - T(z) 
4> esat(T0) - eSat<Tz) + Sa(T(0) - T(z)) 
5) esat<TE> = esat(T0) " Me') 
6) Ae' = SS«AT AT = T(E) - T(0) 
esat<TE) = esat(T0) + S 8(T(E) - T(0)) 
esat(TE) = esat(Tz) + Sa[T(0) - T(z)] + SS[T(E) - T(0)] (mbar) [28] 
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Energy balance equation at earth's surface: 
Rn + H + G^n = 0 (W.m-2) [29] 
where 
G0 = the heat flux reaching the soil surface 
The energy balance equation at evaporation front where phase transition 
occurs can be formulated as : 
G|n + LE + G° u t = 0 (W.m-2) [30] 
where 
G*n = the heat flux reaching evaporation front 
gout _ tjjg heat flux leaving the evaporation front 
The flux Gin related to the flux leaving the soil surface by: 
ZE 
Gin , Gout _ ƒ c p (z) aTs(Z,t)dz (W.m-*) [31] 
t u o ö at 
where 
ZE = the evaporation front depth 
Ts = soil temperature 
cs = soil specific heat 
ps = soil bulk density 
The integral term accounts for the heat storage. If the heat storage be-
tween Z = 0 and Z = ZE is neglected e.q. can be written as: 
GJ11 - LE - G° u t = 0 (W.m-2) [32] 
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From the eq. [1], [2], [7] and [10] can be substituted in eq. [6] 
sarah 
eSat(TE) = * s a t(T z) + ^ M (Rn + GE) + ssrsnGE + [33] 
(sa IFF" + ss rsh) L E (mbar) Ka°p 
which can be substituted in eq [5] and finally in: 
LE = - pacP te8at<z> " eact<z>3 * sarah(Rn + GE> + [34] 
*(rav + rsv) + sarah + 8srsh 
• H pacprshGE ( w m_ 2 ) 
*<rav + rsv) + sarah + ssrsh 
where 
LE = latent heat flux (W.m-2) 
p a = air density (kg.m-3) 
cp = air specific heat (J.kg-'.K-1) 
esat = a*r saturated vapour pressure (mbar) 
eact = a*r actual vapour pressure (mbar) 
sa = slope of air saturated vapour pressure curve (mbar.K-1) 
ss = slope of the soil saturated vapour pressure curve (mbar.K-1) 
ran = air resistance for heat transfer (s.m-1) 
rsh = s o ^ resistance for heat transfer (J-1.K.m*.s) 
rsh = pacprsh (s.m-M 
rav = air resistance for vapour transfer (s.m-1) 
rsv = soil resistance for vapour transfer (s.m-1) 
Rn = net radiation (W.m-2) 
GE = soil heat flux leaving the evaporation front (W.m-2) 
GQ = soil heat flux leaving the evaporation front (W.m-2) 
y = thermodynamic psychometric constant (mbar.K-1) 
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For zero depth of evaporation front with the assumption R a n = R a v = Ra> 
r 8 h = 0, i.e. z = 0. 
The combination formula can be compared with common accepted potential for-
mulae (PENMAN, 1948) for wet soils. With the above assumptions the terms 
ss' 3a cp rsh GE' ssPa cp cp rsh- ? r s v lead to zero. The equation: 
LE - paCp[eSat(z> " e a c t ( z > ] / * a h * sa< Rn * CQ> (w.m_2) [ 3 5 ] 
y + sa 
Example: Calculate LE and what is E 
- coarse 
- A 
- dv 
-
 Rah 
-
 zref 
= 
= 
= 
= 
sand 
0.52 
0.21 
Rav 
gwl 
W.m-
m2 .s 
2.0 m 
110 
1
 .K-
.m-1 
U = 
cm 
1. 
~
Çair 
-
 esat 
- RH 
Rsw 
-
 a0 
- T s 
- T a 
- e 
- £' 
- GE 
- y 
-
 sa 
- s« 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
0 , 71 mÄ A 
1.16 Jfctt .y^1 
49.2 mbar 
30% 
802 W.m-2 
0.241 
41.8°C 
37.6°C 
0.97 soil 
0.85 air 
-15.0 W.m-2 
0.667 
1.75 mbar.K-1 
2.61 mbar.K-' 
- evaporation front 72 cm from the ground surface (Fig. 11) 
Applying the combination equation by MENENTI (1984) eg. [12]. 
a _ outsoming short wave radiation _ Rref ^_j j-36j 
incoming short wave radiation R 
sw 
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Rref = t o t a l reflected radiation = 0.241 x 802 = 193.28 W.m-
Lair = 0 8 5 x 5 6 7 x 1 0 _ 8 x (310.6)4 = 448.53 W.m-2 
Lsoil = ° 9 7 x 5 6 7 x 1 0 _ B x (314.8)4 = 483.26 W.m 
Rn = 802 - 193.28 + 448.53 - 483.26 = 573.99 W.m-2 
«ah = Rav = Ra = 5 l n ( 2 ~ ° ) = 4 1 . 6 S.m-
a t l 3 V 8
 ( 0 . 4 1 ) 2 X ( 1 . 7 1 ) 0 .005 
ze evaporation front 
r ^e = reference depth = 0.72 _ j 3 8 j-i.K.m2 
s
 A soil thermal conductivity 0.52 
z 
r 
e _ 
sv 
reference depth _ 0.72
 = 342.85 s.m-1 
Dv vapour diffusion coefficient 0.0021 
L E = _ 1.16x1004 49 .2-14.76+1.75x41.6(573-99-15.0)+2.61x1.16x1004(-15x138) 
0.667(41.6+342.85)+1.75x41.6+2.61x1.16x1004x1.38 
= 40110 + 40694.5 - 62922
 = 17883 = 3 95 w.m-2 
256.42 +72.8 +4194.8 4524 
L = (2501 - 41-8 x 71) x 103 = 2.4 x 10« J.kg-
30 
s
 w„,2 = 1 x 86400 = 3 6 x 10_2 kg.day-1.m-2 or 3.6 x 10-2 mm/day 
240 x 10« 
Evapotranspiration = 3.95 x 3.6 x IO72 = 0.142 mm/day. The calculated rate 
of evaporation 0.142 mm/day has a low value due to the depth of evaporation 
front inside the soil (72 cm) is big. 
Assume that we have a medium sand profile instead of coarse sand profile 
with same groundwater depth like coarse sand (110 cm), then the evaporation 
front will be at 29 cm depth (Fig. 11). 
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r . = ÇL.29 = 0 5 6 J - I . K . I B Î ' . S - 1 
sh 0 . 5 2 
sv 
= _0-29 = 138.0 s.m-1 
0.0021 
LE = - 40110 + 40695 - 25533 
119.8 + 72.8 + 1141 
55272 = 41.4 W.m-2 
1333.6 
E = 41.4 x 3.6 x 10-* = 1.49 mm.d-1 
From the ca lcu la t ions I t i s c lear the importance of evaporation front: when 
i t comes c loser the surface the evaporation rate increases and v i s e verse . 
We can detect depth of evaporation front by means of simulation model 
(EVADES). Table 6 and 7 indicates the calculated values by EVADES Model 
Applying Menenti's formula. 
Table 6. General r e s u l t f i l e with the simulated depth of the evaporation 
front 
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O . I ? O E * O I 
i>. V*^E»O0 
0 . 7 W J . O Û 
t ' . 623*1 »Où 
O.SÛ0E*O0 
0.6i,i ,C »00 
-r . . H.!1C»0I 
- » . 102E»'U 
- o . S t i £ * o > » 
O . I 2 1 E . O » 
O.C.12E-02 
o.uaooo 
0.«.31E*00 
O.Ntl£*Oi> 
-Q.*Vt*00 
-Ù.231C-O0 
- 0 . S 6 i . E - 0 1 
0 . 1 0 3 É - 0 1 
- 0 . I 3 9 E - O 1 
rt.B*3E-ni 
O.169C-O0 
0.28SE-0- Ï 
o.30>,E*00 
P.W17C-00 
C'.W72E«->0 
0.* .6 iEHX» 
0.wOSE*OO 
0.27aC*O0 
0 . 1 2 2 E * 0 0 
- Û . S i « i - u 2 
- 0 . 8 2 a t - O l 
- o . ittae*«") 
- 0 . 9 1 O E - 0 1 
-0.1TCC*»} 
-o.icme>oo 
-«••-lase-oi 
-u .864 .E-01 
-0. lOAE»OO 
- 0 . l"Ji£>OÛ 
- 0 . 9 3 3 E - 0 1 
- o . ; o i e - o i 
o . m e - o i 
0 . m 7 E - 0 2 
«"•.fci*».e-oi 
Ó . l67E»fO 
0 .3 l7E* 'K> 
O.SlWE*O0 
0.67. ' E *<"> 
O.792E*0O 
fi.7tlZ ><•>•> 
u . 7 i t e * c * o 
0 . S 2 ; E * O 0 
0.?d£if«>u 
O.B"JC-o i 
- O . S S U - 0 1 
- " . 1 6 S E * u O 
- f » . » i ( < - o i 
-i'.l7i>C»"V> 
-r>. J O M C * O O 
~f*. 18SE-01 
- 0 . 8 4 A C - 0 1 
- O . 1 0 4 € * 0 0 
0.38wE*C». 
0 .B2SE-02 
0.M4^E*03 
0 . 3 3 r t * O 3 
O.325E*03 
0.316E»O3 
0 . 3 0 7 E * " 3 
0 . 3 7 9 £ > 0 3 
0 . i * S l E * 0 3 
O . S t 7 £ * û 3 
0 .S7OE-03 
O.S8wE>03 
O.S"2E»03 
0 .S93e*O3 
O.SB6E*03 
O.S71C*03 
0.S3&E+C3 
0 . s 7 6 C * u 3 
0 . 3 9 3 E * 0 3 
0 .287E »03 
0 . 2 6 S £ * 0 3 
0 .281E+03 
0 . 2 9 6 E * 0 3 
0 . » 1 7 E * 0 3 
0 . 3 l S E * 0 3 
0 . 3 2 6 E * 0 3 
0 . 3 2 7 E * 0 3 
0.32*,E»03 
0 . 3 1 9 E * 0 3 
0 . 3 1 2 E * 0 3 
O.3OI.E-03 
0 . 3 7 9 E . 0 3 
O.W&lE<03 
O.S17C*03 
o.sroc+03 
0.58WE»O3 
O.S92£*C<3 
O.S»3£»03 
O.SB6£*03 
0 . S 7 i E * O 3 
O.S36£*-03 
0.>.r6E>03 
0 . 3 9 3 6 » 0 3 
0 . 2 8 / C * i - 3 
0 . 2 6 2 6 * 0 3 
0 . 2 8 I E » 0 3 
o.2<?*c*ca 
0 . 3 0 / E - 0 3 
0 . 3 l b E * O 3 
0 . 3 2 4 E - 0 3 
0.6SSE+OO 
0 . 2 S l E * O i 
û .236E*02 
O-ttS^E-OÎ 
0 .1w7E* ' - . 
o . ra7E*<"i3 
O.W69E<03 
0 . * . * . S f " 3 
0.*. i .* .£«i3 
C.S8t)E*03 
0 . * *33 t *03 
O.Wl*»E»03 
0.>»08E»03 
O . V J 1 E * - J 3 
0 .39aC*03 
0 .397 i : »ro 
o . « . « E * o a 
o.>.»x:«>3 
0.W3HE4 03 
0 . *.V.E »03 
0.W06E-O3 
0.».32E»03 
O.H5Ôt*03 
o.«.a>"»03 
0.S0!.E*03 
O.S2ßK»03 
0.b>>2E*03 
0.SS>«C»O3 
O.S68E*03 
0 . 5 « » 0 3 
0 .597E*03 
0.5S.lE«i>3 
O.SùBE*03 
0.*«66F»03 
O.W33E*03 
c.«tl»i"»n3 
0.»>09F«03 
0.«.'i2E»03 
0.39BE+03 
0.377E»ft3 
0.».>4.F*03 
0 . k 2 " e » « 3 
0 ^ 3 t E * 0 3 
O.M.5C»03 
O.W07E*03 
0 . " . 3 3 K * M 3 
0.>»S9E*<..3 
o . i i ay :»03 
o.sute*03 
0.S29C*03 
rtt\ 
1 S . A - I 
Ó.62WE-03 
0 . 2 2 1 E - 0 2 
0 . 2 ? 6 E - 0 t 
o.wr^e-oi 
o.vsse-oi 
o . I I T C - O O 
0 . 1 2 6 E * 0 0 
0.tWAE*OO 
0 .160E*G0 
0 . l 7 7 € * 0 0 
o . i a i E » o o 
o . i a i e * o o 
o . i a i E » o o 
0 . l 8 l E * 0 O 
o . i 8 i E * o o 
o . i a i e » o o 
0 . l 8 I E - » 0 0 
O. l f l l £ * 0 0 
o . i e o E * o o 
o . iaoE*oo 
0 . !8<C*0O 
0.IftOE+OO 
O.lBOEXtO 
0 . l8>«E-00 
0.18OE*O0 
o . ia«-«*oo 
O.lBOE^OO 
0 .180EKX) 
0.18OE*O0 
O.lfl'iE+OO 
0.18OE*0O 
o . i e ^ ' o o 
0 .180E*0O 
0.181E-OO 
0.181E»O0 
o . i a i r * o o 
O.ISIE+OO 
0 . 1 8 1 E - 0 0 
0 . 1 8 l E * o O 
o . i a i e * o o 
o . i e i £ * o o 
o . l a i e « » 
o . i a o E * o o 
0.18"C»'X> 
0 . 1 8 0 E * 0 0 
o . i a o c * o o 
o . i a o c ' o o 
o . i a o c » o o 
0.18OC*0O 
o . i 8 o e * o o 
M O E S i 
• T A * * . n * O d < / • ) 
C« 
- 0 . 2 l S E * 0 3 
- 0 . 2 1 S E » 0 3 
- 0 . 1 i . 7 E » o r 
-O.S53E»Or 
- o . i r r E . o r 
- 0 . 3 3 2 E » 0 7 
- O . >.£.&£ »07 
-0 .2«<*£»06 
-O.W6>*E*0r 
-O .33 . -E .07 
-0 .1W2E<06 
- 0 . 1 S J £ » 0 6 
* 0 . 1 S S E * 0 6 
-0 .1SAE»06 
- 0 . 1 5 S E + 0 6 
- o . i s i e * 0 6 
-0 .1 i .9E*r>6 
-0 .11». . * »06 
-0 .12SE«UA 
- 0 . 1 0 6 E * 0 6 
-0 .796E*OS 
-O.026E»O5 
~0 .880E-0S 
- 0 . 9 2 3 E * 0 S 
-t».956E*OS 
-Û.979E*<ÏS 
- 0 . 1 0 1 E * 0 6 
- O . 1 0 2 € » 0 6 
- 0 . 1 0 1 E * 0 6 
- 0 . 1(V>E»06 
- 0 . 9 8 2 E * 0 S 
- 0 . 9 6 2 E * 0 S 
- 0 . t m E * 0 6 
- 0 . l 3 > - < » 0 6 
- 0 . H . 3 E « 0 4 
- O . 1S3T«0(, 
- > . l C S f » f 6 
- 0 . ISAE'Ot. 
-O.1SSE»0& 
- 0 . 1 % X » " 6 
- 0 . 1 * . « ••>& 
- 0 . lW"E».>a 
- 0 . 1 2 S F * 0 6 
- 0 . 1 ' » i E » 0 6 
- 0 . 7 9 6 C * 0 S 
- 0 . 8 2 t E » f S 
- o . a a o E t o i , 
-0 .923E»rtS 
• 0 . 9 % AC»OS 
-0 .97«C*OS 
h»t z<ii 
CA 
- 0 . 32t*£*Ö& 
. - 0 . 3 2 * . e * 0 S 
' - O . J 2 7 E * 0 5 
- 0 . 3 3 1 E - O S 
-0.33WE*OS 
- 0 . 3 3 7 E * 0 4 
- 0 . 1 3 9 E * 0 S 
- 0 . 3 3 l E * 0 S 
- 0 . 3 2 6 E * 0 5 
- 0 . 3 2 2 E * « 
- 0 . 3 1 9 E + 0 S 
- 0 . 3 l 7 E » 0 5 
- 0 . 3 1 6 C * 0 S 
- O . 3 l 6 E * 0 S 
-0 .31SE*OS 
-O .S lSE 'OS 
-0.31SE»OS 
-0 .31£E»0S 
- 0 . 3 1 9 E » ' » 
-0 .322E*OS 
- 0 . 3 3 r E * 0 S 
-0 .336E-OS 
-0 .33SE-OS 
-0 .335ErOS 
- 0 . 3 3 t E * O S 
- 0 . 3 3 S E * 0 S 
-0.33«,E»OS 
-0.33SE»OS 
- 0 . 3 3 6 E * 0 S 
- O . 3 3 7 E - 0 S 
-O .337E*0S 
- 0 . 3 3 2 E * O S 
- 0 . 3 2 7 E * O S 
-0 .333E»OS 
-O.319E<0S 
- 0 . 3 l 7 E * " S 
- 0 . 3 1 6 C * 0 5 
- 0 . 3 1 A E » 0 S 
- 0 . 3 l S E . 0 i 
- o . 3 i i e * < ^ 
- 0 . 3 1 « . f »OS 
- 0 . 3 1 6 £ M > S 
- 0 . 3 l 9 E » O S 
-0 .332E*OS 
- 0 . 3 3 7 E » « 
-0 .33ôE*OS 
-0.33r .EfOt , 
- 0 . 3 K £ » ' ^ 
- 0 . 3 Ä E * 0 S 
-0 .3ÄE-»OS 
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Table 7. Example of an output f i l e with the data required for the com-
bination equation 
:CJ,ioe-î.ACT 
»bor . t - l fc.B-l 
tfOnrjGP*£.OUL S - L l N t M N O PROFILE, SUnrCHPtRIOO, OATTANA 0EFREE5I0N 
7 . 0 
7 . 0 
4 . 3 
s . 9 
L A >• 1. 1*S>.' 
Sv 5 1.2W 
46 * 1.227 
S6 ; 1.2V6 
56 8 1.187 
56 9 1 . 17..» If*.i 
6.6 
-».6 
13.». 
li. 10 
SA 11 
it 17 
£6 13 
ii. 1«. 
5i 1Â 
7 2.'. a 
I.IS3 K . 9 
l.H.9 id. a 
1.1«./ -I.A 
1.1*6 3J.9 
i.i«./ st.s 
1-152 3*..9 
i.t&l 32.2 
1.174 70. I 
1.191 2.1.1 
1.229 12.7 
1.229 12.1 
1.2'M. ie-.«. 
I . A 2 9 . 0 
1.2*.? 7.B 
0.fl-> 
O.Bô 
0 . 7 ; 
O. 7» 
i.'.b-
O.VO 
1.07 
1.36 
1-75 
2.13 
2.«.9 
2 . V . 
2 . 7 7 ! 
2 . «6 
2 . 9 2 
2 . * 2 
2 . 7 7 
2 . «,9 
2.13 
l .7<i 
1.07 
l.*-7 
0 . 9 a 
0 . 9 0 
6 . a«. 
i . 7a 
1 .7« 
1 .66 
1.S7 
1.32 
1 .20 
S . S " 
5 . 6 7 
S. 3d 
»..72 
3-«>. 
2 .dt 
271."0271 
2 7 i . u a ; / i 
S i l . 7 0 3 1 1 
3 U . / 0 3 U 
S71.1-J271. 
5 3 . 6 9 S2 
l l 9 . 4 5 1 1 9 . 
139 .17139 
1 S 6 . 4 U S 6 . 
17.-..9917I 
l a b i a t e s 
1S6.W5I86. 
I f l 9 . 7 9 t 6 9 , 
192 .2"192 , 
193 .6«193 . 
19J.6- .193. 
i 6 9 . 0 o i a v . 
i a * , m a ; , 
17 i . fn . - i7n . 
I S i . S . M C t , 
<«39.7Si.39. 
* . 3 9 . 7 i ' . 3 9 . 
2 3 i . » » 3 l . 
5 .2.*3 £2 . 
l o a . o i i a a , 
7*44 - 1 , 
/ as6 - i . 
. 6 * * 6 7 - 1 . 
*.>32S - I . 
Ci»«M - 1 . 
64661 -O . 
5 -919 0 . 
1/Ù02 0. 
S H 1 7 0 . 
- 9 * > 5 6 O, 
ia?6«. o. 
79*.«4a i . 
. 19"709 1 . 
t M - m i . 
V . U M 1 , 
79661 1 . 
i e ~ 2 6 o . 
99450 O. 
51731 0 . 
7521«. 1 . 
7S21». I . 
3u£<4 1 
3VBSI 
S66t>9 
5Ä473 
3v«63 
12927 
S66«3 
691Ç 7 
«•»554 
90321 
«avis 
t>«97« 
03313 
OV997 
06011, 
O O V I H 
03315 
9(*Ul4 
9032S 
• " 5 6 1 
57*.$«. 
S7t,4«. 
*90«.0 
12903 
61«. 9«. 
-1*»9.5~* 
- H . 9 . 3 
- l « . 2 . 4 
-13«. .9 
- 1 2 6 . 2 
- 1 1 3 . 6 
- 9 8 . 7 
•« . . 9 
2 1 7 . 2 
» > S . 3 
S05 .2 
6 2 7 . 2 
é « 9 . « 
* a s . 3 
6 1 0 . 9 
«.79. a 
316.W 
1 5 1 . 0 
- * • . » ! 3 
- 1 7 7 . 3 
- 1 6 « . « 
-16W.6 
- 1 3 . 0 
0 . 0 
1.3 
2.«. 
3.4 
5.0 
5 . 9 
- 2 3 . 6 
- 2 3 . a 
-21.4 
- 17 .a 
-7 .0 
- t . S 
-«..o 
-1 .1 
- 1 . 3 
o.a 
7 .2 
1 3 . 2 
ib .a 
S 9 . 3 
- S . 2 
-« . .2 
- 2 . 9 
- 1 . 2 
> . » . 2 
» . 7 . 2 
- i . . . . O 
- 3 . 7 
0.1 
2.7 
-2.W 
-7 .B 
- 1 1 . 9 
- 6 7 . 0 
- 7 2 . 9 
- 7 7 . S 
' d o . 9 
- 6 1 . 7 
- « 2 . 9 
- • 2 . 9 
- 7 7 . S 
- 4 7 . 0 
-E2.1 
1.7 
- S . 6 
-12 .0 
- 1 6 . S 
-16 .« 
0 . 6 ? » 5 C - 6 3 
0.22O6E-O2 
0 . 2 7 6 * E - 0 1 
0.«.7<.IE-<H 
O.VSSk.E-01 
0 .113O 
0.126». 
0.11.54 
0 . 1 5 9 9 
0 . 1 7 6 6 
0 , 1 8 , 4 
O. 1806 
0 , 1 1 0 4 
0 . 1«<J6 
0.16O6 
0.1«<>4 
0.1604 
o . i « 0 6 
o . i a o s 
o . ia>:». 
0 . 1 6 0 2 
o . t « 0 2 
0.1Ü03 
0.1603 
0.1603 
0.66». 
0.46<* 
I I .6&H 
0 .4*» . 
0 . 4 6 * 
0 . 6 * 6 
0 . 4 * 8 
0 . 6 7 1 
0 . 4 7 3 
0 . 6 7 4 
0 . 6 7 6 
0 . 6 / 9 
0 . 6 7 9 
0 . 6 9 " 
0 . 6 6 U 
0 . 6 » } 
0 . 6 7 9 
O . t / d 
0.67«. 
0 . 6 7 3 
0 . 6 6 « 
0 . 6 6 « 
0 . 6 * 7 
0.1.66 
0 . 6 6 5 
0 .6S51 
2 . « I S 
2 3 . 6 5 
s S . 3 7 
1 > 7 1 . 
7 a ; . i 
* . 6a .s 
M . 5 . 0 
«.1,3.8 
5 8 0 . 0 
• 0 3 . 3 
H1S-6 
t . 06 .3 
•vOl.O 
3 9 7 . 5 
3 9 6 . « 
M Ä . 1 
«.19.« 
t .Su.2 
H M * . « * 
H 0 6 . 2 
«.32.5 
•«56.3 
«.42.1 
Sos.7 
- 1 2 » . . 
- 1 3 2 . 
133 . 
* 6 . 3 
1 4 . 2 
- 2 . 9 S 
3 . 9 7 
-2« . . S 
- 4 3 . 5 
- • O . « . 
- e s . s 
-117. 
-132. 
- I S O . 
-113. 
-77 .« 
-3« . . 2 
1 .60 
2 3 . 2 
«. l .B 
2 6 . 0 
<*«.5 
2 9 . 7 
5 - 2 « 
2W.6 
10 . «.97 
10.«*97 
10 .0S6 
10.0S6 
10.«.97 
1 2 . 5 2 6 
JS.50O 
2 0 . 1 6 7 
2«.. 562 
2 « . «.31 
31.Sw« 
3 2 . 7 6 6 
3 3 . 7 3 3 
3«.. «.33 
» . . «SB 
» • . a s « 
3 3 . 7 3 3 
31 .5« . * 
O A l B 
O. t i l « 
0.««5S 
0.1.91 
0 .S27 
0.56*1 
0 , 6 0 0 
0 . 5 6 9 
0 . 5 3 « 
0 . 5 0 « 
0,«*77 
0.>*W4 
O . M S 
0.3SS 
0.35«. 
0 . 3 2 3 
0 . 2 9 2 
0 . 2 4 2 
28.1,32 0 . 2 3 1 
2 s . 5 4 3 0.2OO 
1 5 . 5 0 0 0 . 2 3 4 
1 5 . 5 0 0 0 . 2 7 3 
1 3 . 9 5 1 0 .3O9 
12 .527 0.3«.S 
1 1 . »«3 0 . 3 * 2 
Table 8. Surface tension of water against a i r 
B. Surface tension of water against a i r 
• ( • c i a w a 
a y n e s / c f r 
TCO 0 « a 
o v n e s / c m 
T f C ) 
d y i e s / C T 
T(*c) a w 3 
Ö y n e s / c n 
T ( ' C ) a w a 
b y n e s / c m 
0 75.69 
75.46 
? 75.32 
J 75.IB 
1 75.CK 
5 7i.90 
e 7<.76 
7 74.63 
8 74.49 
« 74.36 
!0 74.27 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
74.07 
73.93 
73.78 
73.64 
73.49 
73.34 
73.20 
73.05 
72.90 
72.75 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
72.59 
72.44 
72.28 
72.13 
71.97 
71.61 
71.65 
7'. 50 
71.34 
71.18 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
71.02 
70.66 
70.69 
70.53 
70.37 
70.21 
70.05 
69.88 
69.72 
69 56 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
69 40 
69.23 
69.07 
68.90 
68 74 
68.57 
68.41 , 
68 24 
ee. oe 
67.91 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
67 11 
67 56 
&• M 
67.22 
67.05 
66.87 
66.70 
66 53 
66 35 
66.18 
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In the combination equation the soil resistance factors Rsn, Ran can only 
be obtained when depth of evaporation front is knwon. At a given moisture 
content only pores comparable with the mean free path of a water molecule 
contribute to vapour flow. Below this moisture content, fast vapour move-
ment becomes the main transport process. 
The matric pressure head (Hm) at evaporation front (zE) can be calculated: 
Hm = 2 Twa (m) [ 3 7 ] 
Pw.g lœ 
where 
Twa = surface tension of water against air (N.m-1) 
lm = free depth of water vapour = 4 x 10-8 mbar 
g = gravitational constant = 9.81 m.s-2 
pw = the local density of liquid water (kg.m-3) 
Example: 
pw = 1100 kg.m-3 (salty water) 
Twa = 0.07118 N.m-1 
he = î x 2 x 0.07118
 = 329.8 = 32987 cm 
c
 100 x 9.81 4 X 10-8 
The values of surface tension of water against air are shown in Table 8. 
From the laboratory measurement of 0 water content of soil samples and using 
tensiometers to measure the suction (pressure head) for samples we get the 
relation between moisture content and pressure head: pF-curve. From the pro-
files of 0 and H in the soil we can get the depth of the evaporation front. 
Table 9. Profile of 9 and H in soil from laboratory measurements 
Z = -10 cm e = 0.07 h = -50,000 
-20 cm 0 = 0.12 h = -18,000 
-30 cm 0 = 0.16 h = -700 
-40 cm 0 = 0.25 h = -500 
-50 cm 0 = 0.35 h = 0 , g.w.l. 
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6. A T M O S P H E R E C O R R E C T I O N OF T H E R M A L 
I N F R A R E D S A T E L L I T E M E A S U R E M E N T S 
In the spectral region between A = 10.5 - 12.5 mbar (band r of T.M.) mainly 
water vapour affects radiation transfer. To estimate the effect of 
atmospheric water vapour on satellite measured earth surface temperature, 
thermal infrared radiation models are used. Indication of radiation absorp-
tion and emittance by atmosphere can be written as an integral function of 
optical depth. 
T+dT 
*A <T) = Ix(T+dT) exp(-dT) + ƒ BA T(T') d exp-(T'-T) (W.m-2.ji-1.sr-1) [38] 
A 
where 
1^ = spectral radient intensity at wave length A (W.ra-2.Jim-1.sr-1) 
B^ = Planck's function at temperature T (K) and wave length A 
(W.m-2.^-1 .sr-1) 
T = optical depth 
Considering the atmosphere as one homogeneous layer this equation could be 
explained by: 
Ii = Ix - Ix ,_ , + Ix • . , (W.m-^mu-'.sr-1) [39] top Abottom Aabsorption Aemissivity 
where 
I\. = total spectral radiant intensity at the bottom of atmosphere Abottom 
(W.m-2 .(im-1 .sr-1 ) 
1% = total spectral radiant intensity at top of atmosphere Atop 
a 
1^ = total emittance for the whole atmosphere 
The total emittance through the whole atmosphere: 
Ix = IA (transmitted) + 1^ [40] 
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1^ = 1^ (bottom-absorption) + 1^ [41] 
Example: 
Input 1) bottom A = 1 1 5 m b a r = 0.8872 x 108 
2) lj[ = 0.2599 x 108 
3) IA (transmitted) = 0.5808 x 108 
Output 1) Itop = 0.5808 + 0.25 x 10» = 0.8308 x 10« 
I\(transmitted)
 n efino 2) T = In -A: 1 = in 0-5808 = 0.43 
IAbottom 
This parameter is an indication of absorption only. 
3) T = transmittance = IxtoP = 0-8303 x 108
 = 0 9 4 
^bottom 0.8872 x 108 
This is a parameter for absorption and emittance. 
I^(bottom) is calculated by the Plank's function; further the Plank func-
tion if applied in order to determine the atmospheric emittance. 
The Plank function can be written as follows: 
BA(T) = 
where 
ci = 1 
c2 = 1 
CjX"5 
,
c2s 
exp(XT> -
185 x 10-» 
4356 cm.K 
X = wave length 
1 
erg cm-2 s-1 
[42] 
6.1. CALCULATION OF AT-SATELLITE TEMPERATURE 
To obtain the at-satellite temperature, the calibration formula of the spe-
cific sensor must be applied: 
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'sat 
Inf* + 1) 
Li 
(K) [43] 
where 
T s a t = effective at-satellite temperature in Kelvin, K-1 
k2 = calibration constant 2 in K from the following Table 10 
kj = calibration constant 1 in mw.cm-2.ster-1.firn from Table 10 
Lj = spectral radiance in mx.cm-2.ster-1.um 
Table 10. LANDSAT TM thermal band calibration constants 
Satellite Constant k] 
(K) 
Constant k2 
(mw.cm-2 .ster-1 .(im-1 ) 
LANDSAT4 
LANDSAT5 
67.162 
60.776 
1284.3 
1260.56 
With numerical methods at-sureface temperature can be estimated from at-
satellite temperature 
6.2. APPLICATION OF MATHEMATICAL MODELS TO DO ATMOSPHERIC CORRECTIONS 
We used the WINNEW model by MENENTI (1984), built on the structure of model 
by PRICE (1977). This model enables to calculate atmospherical correction 
if radio-soundings, i.e. measurements of humidity (e.g. dew point) tem-
perature, and atmospheric pressure are available. 
The output of the model gives values of optical depth (T), extinction (T.p) 
and total radiation intensity (Idi( )) f o r m a x- 5 0 layers. The final 
correction is given by the difference in surface and satellite temperature 
which can be fitted with linear regression function: 
e.g. T ( g r o u n d) = A + BT ( s a t e l l i t e) (K) [44] 
The required input data are: 
- number of surface tempoeratures 
- number of sounding levels 
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- the difference between air temperature and dew point temperature 
(option 5 of model) 
- viewing angle 0° - 30° 
- surface temperature: four values of surface temperatures were considered 
- atmospheric pressure mbar 
Satellites observe the earth with different view angles which are satellite 
dependent. Altitude and scene width modify this view angle. Therefore, a 
range between 0° - 30° degrees is in most cases considered for atmospheri-
cal corrections. 
The WINNEW model was used to calculate the atmospherical corrections for 
the sounding data from Nersa Natrauh Station in the periods: 
10 October 1984 GMT 12.00 
28 October 1984 GMT 00.00 
2 April 1987 GMT 00.00 
13 November 1987 GMT 00.00 
13 November 1987 GMT 12.00 
The simulation results for 13 October 1987 gave a large correction for high 
surface temperature (315K). The correction of surface temperature must be 
increased with 12K with an optical depth of 0.43, while on the other hand 
the analysis of data on 2 April 1987 showed that correction of 7K was suf-
ficient with optical depth 0.22. It can be concluded that the higher the 
optical depth (this means higher water vapour content in the atmosphere) 
the higher the correction. Also we conclude that the higher the view angle 
the higher the correction, which means a longer path length through air. 
Some parameters vary with view angle while others are independent on view 
angle. For example, the emitted radiance from atmosphere is independent. 
Transmittance and irradiation at top of atmosphere are dependent values. 
Optical depth and precipitable water and air temperature, and radiant inten-
sity at bottom are independent factors. 
Fig. 13 shows the relation between surface temperature and view angle and 
satellite temperature. Fig. 14 shows the vapour distribution in the 
atmosphere by plotting optical depth versus atmosperic pressure (mbar). 
Table 11 shows the simulation results of WINNEW model at 0° angle and 30° 
angle. 
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Hence the total calculation procedure of the remotely sensed surface tem-
perature can be summarized as follows: 
1. calculate Lj from Dn (see eq. [8]) 
2. calculate satellite temperature from Lj (see eq. [43]) 
3. calculate surface temperature from satellite temperature using the 
program WINNEW 
Table 11. Simulation results WINNEW-model 
b^ot *top * 
(W.m-^.fim-'.st-1) 
T T Precipitable T a l-
airbottom 
(-) (-) water (cm) (K) 
0 view angle =0.0 
Run 1 
Run 2 
Run 3 
Run 4 
Run 5 
0.887E8 
0.747E8 
0.747E8 
0.858E8 
0.899E8 
0.831E8 
0.723E8 
0.730E8 
0.822E8 
0.871E8 
0.250E8 
0.18E8 
0.13E8 
0.26E8 
0.21E8 
0.43 
0.38 
0.21 
0.43 
0.31 
0.94 
0.97 
0.98 
0.96 
0.97 
2.49 
2.28 
1.54 
2.17 
1.76 
296.4 
288.5 
284.5 
294.1 
297.5 
0 view angle =30.0 
Run 1 
Run 2 
Run 3 
Run 4 
Run 5 
0.887E8 
0.747E8 
0.747E8 
0.858E8 
0.899E8 
0.823E8 
0.720E8 
0.728E8 
0.818E8 
0.867E8 
0.28E8 
0.21E8 
0.15E8 
0.29E8 
0.24E8 
0.43 
0.38 
0.21 
0.43 
0.31 
0.93 
0.96 
0.97 
0.95 
0.96 
2.49 
2.28 
1.54 
2.17 
1.76 
296.4 
288.5 
284.5 
294.1 
297.5 
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